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ABSTRACT The western corn rootworm (Diabrotica virgifera virgifera LeConte) (Coleoptera:
Chrysomelidae) is a major corn insect pest in North America and is spreading in Europe. Seven
polymorphic microsatellite loci were surveyed to characterize genetic structuring of D. v. virgifera
populations, based on 595 individuals sampled from 10 locations across nine U.S. states (western Texas
and Kansas to New York and Delaware). All populations showed high levels of genetic diversity, with
mean allelic diversity ranging from 7.3 to 8.6, and mean expected heterozygosity ranging from 0.600
to 0.670. D. v. virgifera populations exhibited little genetic differentiation as a whole across the
geographic range sampled, with a global FST of only 0.006. Pairwise FST estimates also revealed little
genetic differentiation among populations. Most pairwise FST values were nonsigniÞcant, except for
those estimated between the Texas population and all others. There was a positive correlation between
genetic distance and geographic distance as a whole, but no signiÞcant correlation for populations from
Kansas to the east coast. There was no evidence for a genetic bottleneck in any D. v. virgifera
population sampled. Phylogenetic and principal component analyses support the picture of high
genetic similarity over much of the United States. Although high migration rates could produce the
same pattern and cannot be ruled out, it seems more likely that theD. v. virgifera populations sampled
have had insufÞcient time for substantial genetic structuring to develop since its recent eastward range
expansion from the Great Plains that began �50 yr ago.
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THE WESTERN CORN ROOTWORM,Diabrotica virgifera vir-
gifera LeConte, is a major pest of corn both in North
America, where annual total losses in the United States
can reach one billion dollars (Metcalf 1983, Levine
andOloumi-Sadeghi 1991,Levineet al. 2002), andnow
in Europe after its recent introduction (Baca 1994,
Edwards et al. 1998, Hemerik et al. 2004). It has one
generation per year, overwintering as diapausing eggs
in the soil (Chiang 1973). Larvae emerge in the spring
and feed on corn roots, leading to a decrease in yield
(Spike and Tollefson 1991, Godfrey et al. 1993, Urṍas-
López and Meinke 2001). This species is thought to be
a native of the American tropics that spread into tem-
perate North America as a specialist on cultivated corn
beginning �1,000 yr ago (Smith 1966, Branson and
Krysan 1981). Records of its distribution in North
America were restricted to Nebraska, eastern Colo-
rado, and northern Kansas until a dramatic eastward
range expansion began in the mid-20th century

(Chiang 1973, Metcalf 1983). It reached central Iowa
by the mid-1960s, eastern Illinois by the late 1960s,
western Ohio by the late 1970s, central Pennsylvania
by the mid-1980s, and the east coast by �1990.

A number of circumstances have converged to
make an understanding of D. v. virgifera population
genetics a high priority. This insect has shown an
ability to evolve resistance not only to insecticides
(Meinke et al. 1998, Wright et al. 2000), but also to
cultural practices. A crop rotationÐresistant behav-
ioral variant of D. v. virgifera recently evolved in
eastern Illinois, and its geographic range is spreading
(Onstad et al. 1999, Levine et al. 2002, OÕNeal et al.
2002, Isard et al. 2004). The evolution of this variant
has generated a great deal of concern about the origins
of the rootworms that were introduced into Europe,
where crop rotation is often the only viable manage-
ment tool available for this pest.

In addition, transgenic corn hybrids are now com-
mercially available that express a toxin from Bacillus
thuringiensis(Bt) that confers resistance to rootworms
(USEPA 2003). There is concern that the high selec-
tion pressure imposed by the Bt toxin will lead to
insect resistance to the transgenic plants as well as to
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conventionalBt formulations used by organic farmers.
Substantial efforts are being made to delay the devel-
opment of resistance as long as possible through in-
sect resistance management (IRM) strategies. IRM is
based on the premise that the course and timing of
pest evolution in response to selection through an
insecticide can be predicted, monitored, manipulated,
and mitigated. Our ability to successfully predict and
model evolution in the corn rootworm requires a fun-
damental understanding of the ecological genetics of
this insect. At the population level, IRM-related re-
search questions include gene ßow, temporal and spa-
tial changes in allele frequency, invasion dynamics,
and the genetic architecture of populations. Modeling
of resistance evolution, pest management tactics,
range expansion, and IRM strategies (Gould 1998,
Onstad et al. 2003, Storer 2003) are disadvantaged by
critical knowledge gaps in patterns and extent of ef-
fective dispersal in rootworms and deÞnition of pop-
ulation dimensions. An estimate of gene ßow derived
from molecular markers can serve as an index of dis-
persal rates between populations (Kim and Sapping-
ton 2004a, b, Lowe et al. 2004).

There are a few reports of genetic variation within
and among populations ofD. v. virgifera (Krysan et al.
1989, Krafsur 1999, Szalanski et al. 1999). A phyloge-
netic study of Diabrotica species (Krysan et al. 1989)
revealed low levels of allozyme variation as well as
little genetic differentiation among 15 western corn
rootworm populations. In an allozyme study of D. v.
virgifera collected in Iowa, Krafsur (1999) found that

only 7 of 36 allozyme loci were polymorphic, with a
mean expected heterozygosity of only 0.048. Restric-
tion fragment length polymorphism (RFLP) analysis
revealed no polymorphisms in the nuclear rRNA ITS1
region of D. v. virgifera samples from South Dakota,
Nebraska, and Indiana, and only 1 of 170 restriction
sites observed in the mitochondrial DNA was signif-
icantly polymorphic (Szalanski et al. 1999). Thus,
there is a need to employ more polymorphic markers
to resolve subtle genetic differentiation betweenD. v.
virgifera populations.

Microsatellites are highly polymorphic short tan-
dem repeats of nuclear DNA, which can serve as
codominant markers in population genetics studies
(Parker et al. 1998). An organism can be genotyped
relatively easily with an automated sequencer at mul-
tiple microsatellite loci after ampliÞcation by poly-
merase chain reaction (PCR). Microsatellite loci are
generally the markers of choice for numerous appli-
cations in ecological genetics (Parker et al. 1998, Gold-
stein and Schlötterer 1999, Lowe et al. 2004), and are
being applied increasingly in population studies of
insects (e.g., Llewellyn et al. 2003, Brouat et al. 2004,
Hufbauer et al. 2004). They are especially useful for
studying population structure among closely related
or recently diverged populations (Haig 1998, Don-
nelly and Townson 2000, Kim et al. 2001). We have
isolated 25 polymorphic microsatellite loci from D. v.
virgifera (Kim and Sappington 2005). Among the 17
markers characterized, there were 2Ð20 alleles per
locus, with estimated heterozygosities of 0.229Ð0.881,
in an Iowa population, indicating abundant variation
suitable for population studies. In this study, we used
a subset of these markers to evaluate the degree of
genetic structuring among widely separated popula-
tions ofD. v. virgifera in the United States, from west-
ern Kansas and Texas to New York and Delaware.

Materials and Methods

Sample Collection

Diabrotica virgifera virgifera adults were sampled
from 10 widely separated geographic locations across
nine U.S. states (Fig. 1.). Details of collectors and
collection dates are shown in Table 1. At each location,
adults of mixed sexes were collected by hand from
corn plants and frozen. An exception was Delaware,
where they were collected from squash plants.

Fig. 1. Geographic locations of D. v. virgifera sam-
ples.

Table 1. Locations of D. v. virgifera collections and corresponding abbreviations, sample sizes, collection dates, and collectors

Location Abbreviation Sample size Collection date Collector

New Deal, TX TX 51 8Ð5Ð2004 Greg Cronholm (Texas Agricultural Extention Service)
Dodge City, KS DKS 59 8Ð26Ð2003 Lee French (French Agricultural Research)
Concordia, KS CKS 59 8Ð26Ð2003 Lee French (French Agricultural Research)
Mead, NE NE 60 8Ð26Ð2003 Lance Meinke (University of Nebraska)
Ankeny, IA IA 61 8Ð8Ð2003 Brendon Reardon (USDA, CICGRU)
Champaign, IL IL 60 8Ð4Ð2003 Eli Levine (Illinois Natural History Survey)
Clark Co., OH OH 61 8Ð20Ð2003 Bruce Eisley (Ohio State University)
Bellefonte, PA PA 62 8Ð18Ð2003 Dennis Calvin (Pennsylvania State University)
Newark, DE DE 61 7Ð23Ð2003 Joanne Whalen (University of Delaware)
Cobleskill, NY NY 61 8Ð12Ð2003 Ken Wise (Cornell University)
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Voucher specimens have been deposited in the Iowa
State Insect Collection, Iowa State University, Ames,
IA. Genomic DNA from the sampled rootworms is
available from the authors by request.

Microsatellites

Of 17 polymorphic microsatellite markers devel-
oped for D. v. virgifera (Kim and Sappington 2005),
7 were used in this study (Table 2). These are all
perfect dinucleotide repeats, except DVV-T2, which
is a trinucleotide repeat. These markers showed
Mendelian segregation in family analysis (10 families,
25 offspring per family) and were ampliÞed by PCR in
all D. v. virgifera individuals examined, indicating an
apparent absence of null alleles. The loci were ampli-
Þed from 51 to 62 individuals per location in multi-
plexed PCR reactions, and individuals were geno-
typed using a Beckman-Coulter CEQ 8000 Genetic
Analysis System (Beckman Coulter, Inc., Fullerton,
CA) using the methods described by Kim and Sap-
pington (2005).

Data Analysis

Genetic Diversity Within Populations. Three in-
dices of genetic diversity, allelic diversity (the mean
number of alleles per locus), observed heterozygosity
(HO), and expected heterozygosity (HE) under
Hardy-Weinberg assumptions, were estimated for
each locus using the GENETIX software package
(Belkhir et al. 2000). To account for variation in sam-
ple sizes, allelic diversity was adjusted using both
bootstrapping and jackkniÞng techniques imple-
mented in the program AGARST (Harley 2001). Sig-
niÞcant differences in allelic diversity among D. v.
virgifera populations were assessed across all loci with
the nonparametric Kruskal-Wallis test (� � 0.05),
corrected for experiment-wise error rate (Daniel
1990) using Statistix software (Analytical Software
1998). Evidence of linkage disequilibrium was as-
sessed by the Fisher method for each locus pair across
all populations using the genotype disequilibrium op-
tion implemented in the program GENEPOP (Ray-
mond and Rousset 1995).
PopulationDifferentiation.Three different estima-

tors of population differentiation, GST, RST, and FST,
were measured for each locus across all populations.
GST and RST were calculated by the program

AGARST, which allows for unequal population or
sample numbers (Slatkin 1995). F-statistics (Weir and
Cockerham 1984) and pairwise FSTs were calculated
using the program FSTAT (Goudet 1995). The se-
quential Bonferroni correction was applied in deriving
signiÞcance levels for the analysis involving multiple
comparisons (Rice 1989). For Hardy-Weinberg equi-
librium (HWE) estimation, we followed the proba-
bility test approach (Guo and Thompson 1992) using
the program GENEPOP (Raymond and Rousset
1995).

The relationship between FST/(1 � FST) and the
geographic distance (log10 km) between populations
was calculated using the MXCOMP option of
NTSYSPC, version 1.70 software (Rohlf 1992). The
signiÞcance of the log-linear association was tested
through normalization by the Mantel statistic Z with
5,000 permutations of the data.
Genetic Relationship Analysis. Genetic divergence

between populations based on allele frequencies was
calculated as DA genetic distance (Nei et al. 1983)
using the DISPAN computer program (Ota 1993). The
genetic distances were used to construct phylogenetic
trees by neighbor-joining (NJ) clustering (Saitou and
Nei 1987). Bootstrap resampling (n � 1,000) deter-
mined the most robust dendrogram topology. A prin-
cipal component (PC) analysis was applied to a co-
variance matrix of allele frequencies across all loci
using the program XLSTAT (Agresti 1990, Saporta
1991). The geometric relationship among D. v. virgif-
era populations was visualized with a scattergram of
factor scores along the two PC axes that accounted for
the most variation.
Population Bottleneck Tests. Evidence of recent

population bottlenecks was assessed using the pro-
gram BOTTLENECK 1.2 (Cornuet and Luikart 1996).
We employed both a strict stepwise mutation model
(SMM) (Kimura and Ohta 1978) and a two-phase
model (TPM) (Di Rienzo et al. 1994) in which 90% of
the microsatellite mutations followed the strict SMM
and 10% produced multistep changes (see Estoup and
Cornuet 1999). Wilcoxon sign-rank tests (Luikart et al.
1998a) were used to determine whether deviations of
observed heterozygosity relative to that expected at
drift-mutation equilibrium were signiÞcant (� �
0.05). A mode-shift in allele frequency distribution
was used as a qualitative indicator of population bot-
tlenecks (Luikart et al. 1998b).

Table 2. Characterization of seven microsatellite loci analyzed across all D. v. virgifera populations

Locus
Allele no. and

size range (bp)
FIS FIT FST GST RST

DVV-D2 13 (178Ð210) 0.025 0.032 0.007*** 0.013 0.004
DVV-D4 9 (221Ð241) 0.006 0.007 0.001** 0.009 0.006
DVV-D5 4 (169Ð177) �0.043 �0.038 0.005*** 0.010 0.006
DVV-D8 22 (211Ð253) 0.000 0.008 0.008*** 0.014 0.000
DVV-D9 7 (129Ð153) 0.004 0.010 0.006*** 0.013 0.007
DVV-D11 15 (171Ð213) �0.001 0.008 0.008*** 0.015 0.000
DVV-T2 6 (206Ð242) 0.019 0.023 0.003*** 0.008 0.004
All loci 76 0.006* 0.011* 0.006*** 0.012 0.004

Probability that value is different from zero: *not signiÞcant; **P � 0.01; ***P � 0.001.
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Results

Allele Frequencies and Genetic Diversity

A total of 76 alleles was detected across the seven
D. v. virgifera microsatellite loci for 595 individuals an-
alyzed (Table 2). The number of alleles per locus ranged
from 4 in DVV-D5 to 22 in DVV-D8, with an average of
10.9. Ten of 76 alleles were unique to a location, but they
occurred at very low frequency (mean frequency of
private alleles � 0.0207). The highest frequency of a
private allele, 0.09, was observed in the Texas population
at the DVV-T2 locus. However, the frequency of most
private alleles was �0.01.

FIS estimates across all populations ranged from
�0.043 to 0.025, and FIT estimates ranged from �0.038
to 0.032 (Table 2). The global estimates of FIS and FIT

across all loci andall populationswerenot signiÞcantly
different from zero (Table 2). On average, popula-
tions exhibited a nonsigniÞcant 0.6% deÞciency of
heterozygotes, and the total population exhibited a
nonsigniÞcant 1.1% heterozygote deÞcit.

Three measures of genetic differentiation (FST,
GST, and RST) across all D. v. virgifera populations
were similar, and very little genetic structuring was
detected globally (Table 2). Although signiÞcant, the
multi-locus FST estimate was only 0.006, indicating
that very little of the total genetic variation was ac-
counted for by population differences and that most of
the variation was attributable to differences among
individuals. When the Texas population, which is geo-
graphically closest to the presumed ancestral home
range (Branson and Krysan 1981), was excluded, only
two of seven loci revealed signiÞcant differentiation,
with a global FST of 0.004 (data not shown). Thus, the
observed signiÞcant genetic differentiation most
likely can be attributed to differentiation of the Texas
population from the others.

Allelic diversity, observed (HO) and expected (HE)
heterozygosity, the inbreeding coefÞcient (FIS), and
Pvalues for HWE were calculated over all loci for each
D. v. virgifera population (Table 3). Uncorrected al-
lelic diversity ranged from 7.3 (Delaware) to 8.6

(Texas), with an average of 7.9. Adjusted allelic di-
versity to account for sample size variation ranged
from 6.7 to 8.0 in bootstrapping estimates and from 7.1
to 8.6 in jackkniÞng estimates, slightly lower than the
uncorrected allelic diversity. Expected mean het-
erozygosity (HE) was uniformly high across the
United States, ranging from 0.600 (Dodge City, Kan-
sas) to 0.670 (Texas), with an average of 0.632. Thus,
the three related indices (allelic diversity, HE, and
HO) indicated high levels of genetic diversity across all
populations. The highest level of genetic diversity was
detected in the Texas sample, which is expected of the
population closest to the ancestral range. However,
there were no signiÞcant differences in allelic diver-
sity across locations (KW statistic � 0.5, P � 0.9).

In 70 instances, over all 10 populations and all seven
loci, only Þve signiÞcant departures from HWE (Table
3) and three instances of signiÞcant heterozygote de-
Þciency were detected. There was no signiÞcant de-
viation from HWE over all loci and all populations.
Thus, mating within most D. v. virgifera populations
across the central Corn Belt seems to be random.
However, 2 (Concordia, Kansas and Delaware) of 10
populations showed signiÞcant departures from HWE,
which were associated with positive FIS values (Table
3), indicating deviation in the direction of heterozy-
gote deÞciency. These departures from HWE could be
caused by a Wahlund effect, nonrandom sampling,
inbreeding, or genetic drift (Castric et al. 2002, Lowe
et al. 2004). Although the occurrence of a null allele
cannot be ruled out as the cause for heterozygote
deÞcits, family analysis and uniform ampliÞcation sug-
gest that this is unlikely.

Finally, most locus pairs did not show signiÞcant
evidence of linkage disequilibrium. However, the loci
DVV-D2 and DVV-D11 were in signiÞcant (P� 0.05)
linkage disequilibrium.

Gene Differentiation Among Populations

FST and its signiÞcance were calculated for each
pair of populations (Weir and Cockerham 1984)

Table 3. Allelic diversity (AD), HO, HE at HWE, FIS values, and P of HWE for D. v. virgifera populations over seven microsatellite
loci

Location
ADa

HE HO FIS Pb
DC Bootstrap Jackknife

TX 8.6 8.0 8.6 0.670 0.678 �0.012 0.8387 (0)c

DKS 7.9 7.2 7.7 0.600 0.579 0.036 0.0597 (1)
CKS 7.7 7.1 7.6 0.629 0.625 0.006 0.0421 (1)
NE 8.0 7.3 7.8 0.607 0.631 �0.041 0.8527 (0)
IA 8.4 7.5 8.2 0.641 0.621 0.032 0.1369 (1)
IL 7.7 7.1 7.6 0.645 0.636 0.015 0.8130 (0)
OH 7.7 7.1 7.6 0.630 0.635 �0.008 0.1593 (1)
PA 8.0 7.2 7.8 0.646 0.636 0.016 0.9876 (0)
DE 7.3 6.7 7.1 0.623 0.609 0.024 0.0185 (1)
NY 7.9 7.1 7.6 0.632 0.642 �0.015 0.9309 (0)
Mean 7.9 7.2 7.8 0.632 0.629 0.006 0.1347 (5)

a Allelic diversity is given as a direct count (DC) of the average no. of observed alleles per locus and as bootstrap and jackknife estimates
to account for sample size variation.
b Probability values using FisherÕs method implemented by the program GENEPOP.
cNumber in parentheses indicates the no. of loci showing a signiÞcant departure (p � 0.05) from HWE.
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(Table 4, above diagonal). FST estimates ranged from
�0.0024 (Iowa versus Nebraska; Iowa versus
New York) to 0.0201 (Texas versus Delaware). Non-
signiÞcant and very low FSTs were observed in most
paired comparisons, revealing little genetic differen-
tiation across the locations sampled. However, some
comparisons were signiÞcant, most of which were
detected between Texas and other populations. After
corrections for multiple comparisons, FST values that
differed signiÞcantly from zero were observed in
Texas versus each other population and in Illinois
versus Pennsylvania and Delaware. Indirect estimates
of gene ßow (Nm values) inferred from pairwise FSTs
(Wright 1969) were very high or indicated panmixis in
most paired comparisons (data not shown).

Genetic distance inferred from FST/(1 � FST) was
positively correlated with geographic distance be-
tween populations as a whole (Fig. 2A), suggesting
that individuals from adjacent locations exchange
genes more frequently than those from more distant
locations. However, the geographic scale of this study
was very large, �2,500 km between the Texas and
New York locations. At this scale, one or two popu-
lations with high divergence from other homogeneous
populations can skew the pattern of isolation by dis-
tance. In this study, the Texas population exhibited
relatively high levels of genetic differentiation from all
other populations, with an average pairwise FST of
0.0156. In contrast, when the Texas population was
excluded, average pairwise FST estimates of other pop-
ulations ranged from 0.0024 (between Delaware and
others) to 0.0061 (between Pennsylvania and others).
The relationship of genetic differentiation to geo-
graphic distance among these populations was not
signiÞcant (Fig. 2B).

Genetic Relationships Among Populations

DA genetic distances were calculated to infer ge-
netic divergence among populations (Table 4; DA

below diagonal). The DA values ranged from 0.0187
(Iowa versus Nebraska) to 0.0928 (Texas versus
New York). The population sampled from Texas
showed consistently high levels of genetic divergence
with respect to other populations, as expected in pop-
ulations closest to the presumed ancestral region.

To resolve phylogenetic relationships among pop-
ulations, an NJ tree was reconstructed based on DA

genetic distances (Fig. 3). Apart from the far south-
western populations (Texas and Dodge City, Kansas),
most populations were grouped into a single large
clade with moderate bootstrap support of 63%. With-
in this clade, the Illinois and Ohio populations and
New York and Delaware populations clustered to-
gether with bootstrap support of 57% and 55%, re-
spectively, suggesting some differentiation in those
regions. However, the low resolution of the tree fur-
ther supports the overall genetic homogeneity of pop-
ulations from northcentral Kansas to the Atlantic
Coast.

Mean factor scores obtained from PC analysis
were plotted along the Þrst two PC axes, which to-

Table 4. Pairwise estimates of FST (Weir and Cockerham 1984) (above diagonal) and DA genetic distance (Nei et al. 1983) (below
diagonal) between locations

TX DKS CKS NE IA IL OH PA DE NY

TX Ñ 0.0141** 0.0140** 0.0132** 0.0125** 0.0196** 0.0117** 0.0176** 0.0201** 0.0178**
DKS 0.0655 Ñ 0.0009 �0.0005 0.0046 0.0127 0.0007 0.0083 0.0058 0.006
CKS 0.0874 0.0248 Ñ 0.0010 �0.0010 0.0081 �0.0001 0.0063 0.0053 0.0012
NE 0.0773 0.0211 0.0268 Ñ �0.0024 0.0080 �0.0005 0.0071 0.0086 �0.0001
IA 0.0668 0.0241 0.0214 0.0187 Ñ 0.0009 �0.0023 0.0030 0.0037 �0.0024
IL 0.0783 0.0301 0.0344 0.0266 0.0193 Ñ 0.0028 0.0103* 0.0127* 0.0073
OH 0.0736 0.0301 0.0309 0.0226 0.0191 0.0206 Ñ 0.0019 0.0037 0.0006
PA 0.0802 0.0316 0.0315 0.0227 0.0221 0.0348 0.0271 Ñ 0.0067 0.0022
DE 0.0858 0.0316 0.0325 0.0302 0.0281 0.0328 0.0288 0.0304 Ñ 0.0044
NY 0.0928 0.0293 0.0245 0.0196 0.0225 0.0288 0.0290 0.0261 0.0234 Ñ

Probability of being signiÞcantly different than zero after corrections for multiple comparisons: *P � 0.05; **P � 0.01.

Fig. 2. Relationship of FST/(1 � FST) to geographic dis-
tance (log10 km). (A) All 10 D. v. virgifera populations in-
cluded in the analysis, and (B) analysis excluding the Texas
population.
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gether accounted for 47% of the total variance in the
covariance matrix (Fig. 4). The largest portion of
the variance (28%) was accounted for by PC1. The
scattergram generally supports the phylogenetic tree
reconstructed from the genetic distance of Nei et al.
The Texas population is clearly divergent from the
other populations along the PC1 axis.

Although the Dodge City, Kansas and Illinois pop-
ulations are somewhat isolated from the other popu-
lations, most populations across the central Corn Belt
were clustered together.

Population Bottleneck Tests

Under both the SMM and TPM models of micro-
satellite mutation, Wilcoxon sign-rank tests revealed
no evidence of excess heterozygosity relative to drift-
mutation equilibrium in anyD. v. virgifera population.
Instead, signiÞcant heterozygote deÞciencies were
detected in nine populations under the SMM model
and in two populations under the TPM model. There
was no evidence of a mode shift in any population. As

an independent assessment for bottleneck detection,
we compared allelic diversity among populations with
a Kruskal-Wallis test. Here, we considered the Texas
population as a presumed ancestral population. None
of the other populations differed signiÞcantly from the
Texas population, again suggesting that these popula-
tions have not undergone bottlenecks.

Discussion

The seven microsatellite markers surveyed in this
study showed a high degree of allelic and genetic
diversity in all D. v. virgifera populations sampled
across the United States, with little genetic structuring
evident between these widely separated geographic
populations. Even where pairwise comparisons of FSTs
were signiÞcantly different from zero, the calculated
FSTs were quite low. Thus, populations of D. v. vir-
gifera across the central U.S. Corn Belt are genetically
very similar. Our data suggest that this high genetic
similarity is a historical reßection of the recent range
expansion rather than because of genetic bottlenecks
that might have arisen through founder effects during
the speciesÕ spread eastward. It seems most plausible
that the recent range expansion occurred along a
broad front and that there has not yet been time for
the populations to diverge genetically to any great
degree. Alternatively, the observed genetic homoge-
neity could be maintained by high migration rates, but
given what is known about rootworm dispersal dis-
tances, as discussed below, this seems unlikely.

The high rates of gene ßow calculated from the FSTs
are probably an artifact of the range expansion rather
than a true reßection of effective migration. Estimates
in the literature of D. v. virgifera dispersal distances
are variable. Coats et al. (1986) recorded a single
ßight of 24 km by a mated female on a laboratory ßight
mill. Metcalf (1983) estimated that D. v. virgifera ex-
panded its range eastward across the United States by
40Ð115 km/yr, and Onstad et al. (1999) calculated
from the same data that the rate of spread during
1963Ð1964 was 138 km/yr. Ruppel (1975) estimated a
spread of 66Ð125 km/yr across Michigan and Ohio,
and Balsbaugh (1980) suggested movement of 112 km
by founder populations. However, Onstad et al.
(1999) estimated that the rotation-resistant variety of
D. v. virgiferawas spreading from its origin in eastern
Illinois at a rate of only 10Ð30 km/yr, and Hemerik et
al. (2004) likewise reported a range expansion of
33.3 km/yr in Europe from its introduction site in
Belgrade, Serbia. These estimates indicate only a mod-
est dispersal capacity for this insect, which eventually
should lead to isolation by distance across the larger
total population, and indeed, we found evidence for
such in our study (Fig. 2A). However, when the Texas
population was excluded, there was no signiÞcant iso-
lation by distance pattern from southern Kansas to
New York, a distance of �2,200 km (Fig. 2B). Isolation
by distance is predicted when a population is at or near
equilibrium under its current patterns of dispersal
(Slatkin 1993). Its absence in the case ofD. v. virgifera
in the central and northern United States suggests that

Fig. 3. Neighbor-joining dendrogram showing the ge-
netic relationships among 10D. v. virgiferapopulations based
on DA genetic distance (Nei et al. 1983). The numbers at the
nodes are the percentage bootstrap values from 1,000 repli-
cations of resampled loci. Only nodes with at least 50%
bootstrap support are shown.

Fig. 4. Scatter diagram of factor scores for 10 D. v. vir-
gifera populations derived from PC analysis of a covariance
matrix of allele frequencies for seven microsatellites.
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the total population may not be at equilibrium and that
the paucity of genetic structuring may reßect the
recent range expansion rather than current levels of
gene ßow (Slatkin 1993, Peterson and Denno 1998).
Although our data and the apparent modest dispersal
capacity of this insect are consistent with this conclu-
sion, conÞrmation awaits additional studies speciÞ-
cally designed to characterize gene ßow.

Our results concerning the present genetic status of
D. v. virgiferapopulations are consistent with previous
studies based on analyses of allozymes (Krysan et al.
1989, Krafsur 1999) and mtDNA PCR-RFLP (Szalan-
ski et al. 1999). These studies consistently reported
low genetic variation and minimal genetic differenti-
ation within and between geographic D. v. virgifera
populations. Although the microsatellite markers we
surveyed in our study revealed much higher genetic
diversity than allozymes and mtDNA, we found little
genetic differentiation among populations across
much of the United States. Despite the rapid range
expansion, we found no evidence that the populations
suffered a genetic bottleneck, a conclusion also
reached by Krafsur (1999) based on allozyme surveys
of South Dakota, Nebraska, and Indiana populations.

The Texas population was consistently differenti-
ated genetically from all other populations sampled.
Beetles were collected from a region in northern
Texas that is thought to be part of a hybrid zone
between the Mexican corn rootworm, D. v. zeae
Krysan and Smith and D. v. virgifera (Krysan et al.
1980). There is unidirectional reproductive isolation
between these subspecies mediated by the rickettsial
bacterium Wolbachia infecting D. v. virgifera, which
causes cytoplasmic incompatibility (Giordano et al.
1997), but the D. v. virgifera female � D. v. zeae
male intersubspeciÞc cross produces viable offspring
(Krysan and Branson 1977). Thus, the genetic differ-
entiation of the Texas population from all others sam-
pled in this study may reßect, in part, introgression of
genetic material from D. v. zeae.

Like all molecular markers used to characterize the
genetic structuring of populations, microsatellites
have certain shortcomings, so caution must be exer-
cised when interpreting results. The most important of
these are the common presence of null alleles and the
possibility of size homoplasy, limitations that have
been discussed in detail elsewhere (Estoup et al. 1995,
Treuren 1998, Viard et al. 1998, Goldstein and Schlöt-
terer 1999, Reece et al. 2004). Brießy, a null allele can
arise from nucleotide sequence variation in a primer
annealing site, which prevents ampliÞcation of that
allele during PCR. Thus, a null allele goes undetected
when individuals are genotyped at that locus, and
those individuals are mistakenly assumed to be ho-
mozygous for the other allele. As a result, the presence
of a null allele at a high enough frequency in a pop-
ulation can lead to a signiÞcant, but artifactual, de-
parture from HWE in the direction of heterozygote
deÞciency. Although null alleles are not expected to
affect the magnitude of measures of population dif-
ferentiation, such as overall FST across all loci and all
populations, they may impact their signiÞcance levels,

as well as inßuence the magnitude of pairwise FST

values because of erroneous allele frequency esti-
mates. The probability of occurrence of null alleles is
relatively high in insects because of the high mutation
rate in this class of animals (Liewlaksaneeyanawin et
al. 2002). Accordingly, checking for null alleles in
microsatellites should be considered a prerequisite for
their use in insect population studies.

A signiÞcant heterozygote deÞciency is a warning
sign that null alleles may be present, but this is not a
fail safe indication because it can also arise from a
Wahlund effect caused by population subdivision, in-
breeding resulting from consanguineous mating, ge-
netic drift, and/or selection (Lowe et al. 2004). If its
frequency is high enough, a null allele also can be
detected from the presence of nonamplifying individ-
uals, presumably homozygous for one or more nulls.
However, if controlled mating is possible, the most
robust method to detect null alleles is through family
analysis, employing a parentage test that assumes a
Mendelian segregation ratio. We have checked for
the presence of null alleles for many of the micro-
satellite markers we have developed (Kim and Sap-
pington 2005), including the seven used in this study.
These latter markers all displayed Mendelian segre-
gation ratios in 10 families, and there is evidence of
signiÞcant heterozygote deÞciency in only a few iso-
latedcases.Thesemarkers alsoampliÞedDNAfromall
595 D. v. virgifera individuals examined. Taken to-
gether, the evidence suggests either that null alleles
are not present in these markers or that they are
present at very low frequencies.

Size homoplasy occurs when the same allele (i.e.,
the same number of simple repeats) is found in two
different populations because of convergence through
mutation (identity by state) rather than through com-
mon ancestry (identity by descent). This is particu-
larly a problem with microsatellites because of their
high mutation rate. In general, size homoplasy con-
founds evolutionary relationships among samples, the
primary effect being to lessen estimates of genetic
differentiation, which leads to inßated estimates of
gene ßow between populations. Size homoplasy is
relatively frequent in distantly related populations
with high levels of genetic differentiation (Estoup
et al. 1995) and is more likely in a geographically
widespread population with a long history of resi-
dence than in populations with only a short history of
occupation. Thus, caution is required when one uses
microsatellites to measure gene ßow between dis-
tantly related populations or within a geographically
large population with a long history of residence. In
this study, the nominal degree of between-population
genetic differentiation found in D. v. virgifera popu-
lations is not likely an artifact of size homoplasy in the
microsatellites, because these populations were estab-
lished during the range expansion that began only
50yrago, culminating in theeasternUnitedStatesonly
15 yr ago, leaving little time for homoplasy problems
to arise. Ultimate resolution of this issue, however, will
require comparison of the ßanking sequences around
apparently identical microsatellite alleles sampled
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from the extremes of the range (e.g., Kansas versus
New York). The presence of unique nucleotide sub-
stitutions in the more conserved ßanking regions
would suggest that two alleles have converged in state.
Regardless, potential size homoplasy in these markers
should not be a factor affecting future population
genetic analyses conducted on Þner geographic scales.

Taken together, the evidence suggests that the pop-
ulations of D. v. virgifera sampled from Kansas to the
east coast of the United States are slowly diverging
genetically from a similar genetic starting point in the
aftermath of the range expansion eastward from the
Great Plains that began �50 yr ago. Consequently,
characterizations of dispersal from gene ßow esti-
mates might be most robust when obtained from com-
parisons of populations from eastern Colorado and
western Nebraska, where D. v. virgifera has a longer
history of residence (Chiang 1973). Nevertheless,
given the high genetic diversity among microsatellite
loci, it should be possible to obtain good estimates of
gene ßow anywhere in the United States by examining
temporal changes in allele frequencies (Wang and
Whitlock 2003, Paetkau et al. 2004) or by employing
spatial analyses on a Þner geographic scale than what
has been attempted so far.
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